The mechanisms of pulsus alternans were studied in three patients by cineangiographic determinations of left ventricular volume. In two patients with left ventricular disease, pulsus altemans occurred without detectable variation in left ventricular enddiastolic pressure (LVEDP) or end-diastolic volume (EDV), although in the second case these values did alternate in the initial postextrasystolic beats. Another patient with normal left ventricular function had brief postextrasystolic pulsus alternans associated with LVEDV alternations. Twenty-nine patients with valvular aortic stenosis who showed pulsus alternans during left heart catheterization were also studied. Although numerous studies have attempted to define the mechanism of mechanical alternans, the results have been conflicting and the subject remains incompletely understood. In the present paper this phenomenon has been studied in man, employing left heart catheterization and cineangiographic determinations of left ventricular volume. The results of this study indicate that several mechanisms are involved in ventricular alternation, and, therefore, that previous observations and apparently divergent theories concerning this subject may be consolidated into a unified concept.
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Starling's principle Contractility Diastolic compliance Volume angiography pULSUS alternans was described by Traubel in the nineteenth century and has remained a subject of investigation and conjecture since that time. Two fundamental mechanisms have been proposed to explain ventricular altemation: (1) Wenckebach's2 and Straub's3 concept, based on Starling's principle, held that alternation in diastolic volume accounted for the alternating contractile force-an increased fiber length preceding the more powerful beats. ( 2) The "myocardial theory," originated by Gaskell,4 Hering, 5 and Wiggers, 6 suggests, on the other hand, that alternations in contractility occur in the absence of fluctuating ventricular diastolic volume. Either variations in the basic inotropic state of the myocardium or alternation in the number of cardiac fibers contributing to each systole could thereby induce this phenomenon. Several extensions of these theories have been proposed and will be discussed subsequently. From Although numerous studies have attempted to define the mechanism of mechanical alternans, the results have been conflicting and the subject remains incompletely understood. In the present paper this phenomenon has been studied in man, employing left heart catheterization and cineangiographic determinations of left ventricular volume. The results of this study indicate that several mechanisms are involved in ventricular alternation, and, therefore, that previous observations and apparently divergent theories concerning this subject may be consolidated into a unified concept.
Methods Volume Angiography
Three patients with pulsus alternans were studied by left heart catheterization and angiographic determinations of left ventricular volume. Case 1, PS, was a 53-year-old man with hypertension, severe valvular aortic stenosis, and slight aortic insufficiency. Persistent pulsus alternans was detectable at the bedside and was associated with alternation in the intensity of the aortic systolic murmur. Case 2, LC, was a 54-year-old man with idiopathic cardiomyopathy and secondary mitral regurgitation. He had marked, intractable heart failure and a very large heart on roentgeno- Consistent alternation of the R-R interval or of the diastolic filling period was detected in only two cases. In eight additional patients these intervals did alternate during the first 2 to 4 postextrasystolic cycles (fig. 4) 6 or whether alternation in contractile force of some or all of the myocardial cells occurs." There has been scant experimental work directed at answering these questions. Green'3 produced pulsus alternans by constricting the left anterior descending coronary artery in dogs and noted that in the weaker beats the ischemic area of myocardium either contracted insufficiently or, at times, actually lengthened during systole.
With the stronger beats a more effective Circulation, Volume XXXVI, September 1967 shortening in the ischemic area occurred. It has also been shown by other investigators that mechanical alternans may coexist with alternations in the configuration of the transmembrane action potential, the fibers exhibiting "electrical alternans" being scattered throughout the myocardium.'4 These lines of evidence indicate that individual cells, localized or diffusely spread through the heart, may alternate their electrical and mechanical properties. Whether every cardiac fiber is involved in ventricular alternans, and whether portions of the myocardium are hyposystolic or totally asystolic cannot be stated at this time. In the angiograms of our three patients, however, there was no indication that any form of asynchronous contraction occurred.
The conclusions concerning the "myocardial theory" in no way negate the possibility that the Starling principle underlies some instances of pulsus alternans, nor are they necessarily contradictory to previous studies supporting this view. '5' 16 In fact, our findings in cases 2 and 3 and in many of the patients with aortic stenosis support this mechanism, especially in the postextrasystolic variety of pulsus alternans. Other studies are also in accord. Gleason and Braunwald'7 reported biplane angiographic left ventricular volume measurements in a child with valvular aortic stenosis and postextrasystolic pulsus alternans and found the end-diastolic volume to alternate slightly (EDV's = 78, 70, 76, and 72 ml). Harris and associates18 also noted small alternations in left ventricular end-diastolic volume in two children with cardiomyopathy and ventricular alternans. In both studies, however, only 4 to 6 photographic frames per second were recorded, and it remains possible that either the variations are insignificant or that true end-diastole was not invariably determined. Mitchell and associ- ates,19 in studies employing both the isometric papillary muscle strip and the intact dog heart, observed that during tachycardia-induced pulsus alternans the weaker beat was invariably preceded by shorter myocardial fiber lengths.
It therefore seems that, although not essential for pulsus alte-nans, the Starling mechanism does in many instances contribute to or precipitate this phenomenon. Alternations in ventricular end-diastolic pressure and volume may begin after an extrasystole; yet, the mechanical alternans can continue even after these cease to vary.
It is also apparent that alternation in enddiastolic volume may be the consequence rather than cause of pulsus alternans. 20 The stronger beat produces a small end-systolic volume which, for a given duration of diastole, leads to a decrease in the subsequent end-diastolic volume. The next weakened contraction terminates with a large residual volume, and the following end-diastolic volume is thereby augmented.21 Hence, ventricular alternans, whatever its genesis, may, by inducing the Starling mechanism, become a self-sustaining event.
Variations in cycle length or diastolic duration have also been implicated in mechanical alternation. '8' 22, 23 The stronger beat may have a prolonged ejection period with consequent shortening of the succeeding diastole. The next systole may therefore be weakened, secondary to (1) its onset before ventricular relaxation is completed, (2) inadequate ventricular filling with decreased fiber stretch, and (3) decrease in the time available for "rest potentiation."'9 21, 23-26 The less powerful contraction by virtue of its slight prematurity and shorter ejection period would, conversely, induce a stronger subsequent beat. This can be attributed to postextrasystolic potentiation, augmented diastolic filling, and increased time available for rest potentiation to develop.
Our studies indicate that variation in cycle length and diastolic duration was not invariably involved in cardiac alternation, but that they, too, participate at times, especially during the first several postextrasystolic beats. Tachycardia, another common inductor of pulsus alternans,27' 2S may act partly by diminishing the time available for diastole.
Mitchell and associates'9 confirned this view in isometrically beating papillary muscle strips by demonstrating that in tachycardia-induced mechanical alternans the weaker systoles were preceded by higher diastolic tension, presumably due to incomplete ventricular relaxation. During normal heart rates, however, the slight changes in diastolic duration described herein and elsewhere would be less likely to infringe significantly on ventricular recovery or filling. Elimination of cycle-length alternation by cardiac pacemaker has been shown to diminish but not abolish pulsus alternans, indicating that, while not essential, the alternating R-R interval does contribute to the pulsus alternans. ' change was noted. In the first beat after the premature contraction, the ventricular systolic pressure was greatest due to postextrasystolic potentiation, and the arterial pressure was diminished because of the increased obstruction. The next ventricular contraction was smaller but the arterial systolic pressure was increased, since this diminished ventricular contraction was associated with less marked stenosis. In the following beats showing ventricular alternans, the arterial pressure oscillation was especially "damped," failing to alternate at all in three cases. Hence, alternation in the obstructing orifice size served initially to induce a discordant arterial and ventricular alternation, and later virtually to obliterate the arterial pressure alternations. These findings emphasize the difficulty in detecting ventricular alternation at the bedside or from arterial pressure records alone in patients with aortic stenosis. Since the systolic gradient alternates, alternation in the intensity of the systolic murmur may be of diagnostic value (case 1), 27 
